Bacteroides forsythus, which has been reported to be associated with periodontitis but has not been recognized as a key pathogen, was found to induce cytolytic activity against HL-60 and other human leukemic cells. This cytolytic activity was demonstrated according to three different criteria: (i) loss of both mitochondrial membrane potential and membrane integrity in cells treated with bacterial extracts and then with Rh123 and propidium iodide, respectively, as demonstrated by flow cytometry; (ii) damage to cytoplasmic membrane, as revealed by scanning electron microscopy (SEM); and (iii) DNA ladder formation and activation of caspase-3. These results indicate that B. forsythus produced an apoptosis-inducing factor(s) found to be composed of protein as judged by heat and trypsin sensitivity. In addition to extracts from B. forsythus, the culture supernatant of this bacterium has the ability to induce a cytolytic effect against peripheral white blood cells, especially lymphocytes. For comparison with B. forsythus, the same analyses were applied to two strains with different serotypes of Actinobacillus actinomycetemcomitans, serotypes a (ATCC 43717) and c (ATCC 43719), in addition to previously reported apoptosis-inducing serotype b (ATCC 43718), which was used as a positive control. The strains of A. actinomycetemcomitans serotypes a and b induced apoptosis in HL-60 cells as judged by the above three criteria but to a slightly lesser extent than did B. forsythus, while the serotype c strain produced apoptosis to a negligible extent. Detailed SEM images showed that the A. actinomycetemcomitans serotype a strain induced large-pore formation and the serotype b strain produced small pores with typical blebbing, while B. forsythus induced severe membrane ruffling. Further DNA ladder formation and caspase-3 activation were observed in the serotype a and b strains but not in the serotype c strain. The present paper is the first report of a protein factor(s) from B. forsythus and the A. actinomycetemcomitans serotype a strain which induces apoptotic cell death.
Periodontitis, one of the most common human infectious diseases, is an acute or chronic infectious condition that can result in the inflammatory destruction of periodontal tissues such as periodontal ligaments and alveolar bone. Furthermore, recent studies have indicated that periodontitis might contribute to serious systemic diseases, such as cardiovascular diseases (18) . Among more than 300 species of bacteria in the oral cavity, Porphyromonas gingivalis and Actinobacillus actinomycetemcomitans are the major periodontopathic bacteria, and several virulence factors related to the pathogenesis of periodontitis have been reported (reviewed in references 3a, 8, and 26) . In addition to these two bacteria, Bacteroides forsythus, a gramnegative, anaerobic, and fusiform bacterium (24) , has recently been recognized as one of the agents associated with periodontitis. It has been reported that the presence of B. forsythus in subgingival flora was significantly associated with the severity of periodontitis, such as attachment loss and alveolar bone loss (5, 6) . However, only a trypsin-like protease and a sialidase produced by this bacterium have been characterized to a limited extent as putative virulence factors (15, 24) . In periodontitis, virulence factors could eliminate host immune cells through the induction of apoptosis or necrosis and facilitate bacterial colonization in periodontal tissues. Therefore, identification of certain virulence factors of B. forsythus and other periodontopathic bacteria would aid in the development of preventive strategies against periodontal diseases, especially severe periodontitis.
In this paper, we report the apoptosis-inducing activities of B. forsythus and two strains of A. actinomycetemcomitans (serotypes a and b).
MATERIALS AND METHODS
Bacterial strains and culture conditions. B. forsythus (ATCC 43037; American Type Culture Collection, Manassas, Va.) was grown in heart infusion broth (Difco Laboratories, Detroit, Mich.) containing hemin (5 mg/liter), menadione (1 mg/liter), L-cysteine (1%), and N-acetylneuraminic acid (15 mg/liter) under anaerobic conditions. A. actinomycetemcomitans ATCC 43717 (serotype a), ATCC 43718 (Y4, serotype b), and ATCC 43719 (serotype c) were cultured in Todd-Hewitt broth (Difco Laboratories) supplemented with 1% yeast extract at 37°C in an atmosphere of 5% CO 2 in air. Escherichia coli containing plasmid pBluescript II SK ϩ (Stratagene, La Jolla, Calif.), used as a negative control, was grown in Luria-Bertani broth (Difco Laboratories) containing ampicillin (100 g/ml).
Cells and culture conditions. The human leukemia cell lines HL-60 (acute promyelocytic leukemia, precursor of monocytes, macrophages, and granulocytes) (3), Jurkat (acute T-cell leukemia) (19) , and BL2 (Burkitt's lymphoma; B cell) (2) were maintained in RPMI 1640 medium (Nissui, Tokyo, Japan) supplemented with 10% fetal bovine serum. Cultures were maintained at 37°C in a humidified 5% CO 2 atmosphere and subcultured twice a week. Peripheral white blood cells (PWBC) from a healthy adult subject were maintained under the same conditions as the leukemic cell lines without passage.
Preparation of sonic extracts and culture supernatants. The growing bacteria were collected by centrifugation, washed twice with cold phosphate-buffered saline (PBS), and sonicated for 5 min at 100 W with an Isonator model 200M sonicator (Kubota, Tokyo, Japan) with cooling with running water. The sonic extracts were centrifuged at 8,000 ϫ g for 10 min, filtered (0.20-m pore size; Sartorius, Göttingen, Germany), aliquoted, and stored at Ϫ80°C. In some experiments, sonic extracts were heated at 60°C for 1 h or preincubated with 0.1% trypsin at 37°C for 30 min. Culture supernatants used for analysis of cell death by flow cytometry were filtered before use.
Analysis of cell death by flow cytometry. (20, 500 , and 1,000 l/ml) for 48 h at 37°C. Uncultured medium was used as a negative control. The cells were harvested, Rh123 (final concentration, 10 M; Wako, Tokyo, Japan) was added 15 min prior to the indicated times, and cells were washed twice with cold PBS, followed by the addition of 10 M propidium iodide (PI; Wako) 10 min before analysis. The extent of cell death was evaluated by measuring the fluorescence intensity of Rh123 and PI using a FACScalibur flow cytometer (Becton-Dickinson Immunocytochemistry Systems, San Jose, Calif.) (20) . All analyses were performed in duplicate experiments.
Scanning electron microscopy (SEM). HL-60 cells (2.5 ϫ 10 5 ) were incubated with or without bacterial sonic extracts for 48 h at 37°C, washed with PBS, and then pelleted by low-speed centrifugation. The pelleted cells were prefixed with 2.5% glutaraldehyde in PBS for 2 h, rinsed with PBS, and postfixed with 1% osmium tetroxide in PBS for 2 h. The samples were dehydrated in a series of ethanol rinses, followed by critical-point drying using an HCP-2 apparatus (Hitachi, Tokyo, Japan) employing CO 2 as the transitional fluid. The specimens mounted on stubs were coated with platinum, examined with a scanning electron microscope (S-4500; Hitachi), and photographed.
Analysis of DNA fragmentation by agarose gel electrophoresis. HL-60 cells (5 ϫ 10 5 ) were treated with bacterial extracts (1 g/ml) or PBS for 48 h at 37°C. Two micrograms of cellular DNA isolated using the Hirt method (7) was subjected to agarose gel electrophoresis and then stained with ethidium bromide.
Detection of caspase activation. Ten micrograms of cellular lysate prepared from HL-60 cells (5 ϫ 10 5 ) which had been treated with each bacterial extract at 1 g/ml was subjected to Western blot analysis by using anti-procaspase-3 antibody (clone 19; Transduction Laboratory, Lexington, Ky.). The anti-tubulin antibody (clone YL 1/2; Biosys, S.A.) was used to monitor the amount loaded in each lane.
RESULTS
Apoptotic cell death of HL-60 cells with extracts from B. forsythus and three serotypes of A. actinomycetemcomitans. To examine apoptotic cell death induced by bacterial extracts, we used a leukemic cell line, HL-60, since this line is a precursor of and is differentiated in vitro into monocytes and macrophages (3), which could play essential roles in the host defense against bacterial infection and also have been used for apoptosis assay (12) . Cells undergoing apoptosis display subtle molecular and biochemical alterations, including perturbations in the structure of their plasma membrane and the dissipation of mitochondrial transmembrane potentials (⌬⌿) (13) . Decreased mitochondrial ⌬⌿ is one of the primary signals of chemical hypoxia-induced apoptotic cell death. Flow cytometry following Rh123 and PI staining was used to elucidate the cytotoxic effects of bacteria on human cells. The population of PI ϩ ⌬⌿ low and PI Ϫ ⌬⌿ low cells accumulated to almost 90% after treatment with 10 M adriamycin, a DNA topoisomerase II inhibitor used as a positive control for apoptosis induction (4) (Fig. 1B) 1D , E, and F). Based on these results, most of the HL-60 cells exposed to these bacterial extracts underwent apoptotic cell death. In contrast, more than 90% of the cells exposed to A. actinomycetemcomitans serotype c extract remained in PI Ϫ ⌬⌿ high (Fig. 1F) , as was the case for cells treated with PBS or E. coli 421C extract (used as a negative control) (Fig. 1A  and C) . Similar results were obtained with two other leukemic cell lines (Jurkat and BL2) (data not shown).
To determine doses sufficient to induce apoptotic cell death, HL-60 cells were incubated with various concentrations of bacterial extracts, ranging from 0.1 to 50 g of protein/ml for 24 or 48 h, and assayed for apoptotic cell death. At 24 h, fractions of dead cells were proportional to protein doses at least up to 50 g/ml, as evidenced by the dose-dependent increases in the numbers of cells in both the PI ϩ ⌬⌿ low and PI Ϫ ⌬⌿ low subsets for B. forsythus, A. actinomycetemcomitans serotype a, and A. actinomycetemcomitans serotype b relative to cells exposed to PBS (Fig. 2A ). All three strains showed similar kinetics regarding cell death activities, while incubation with the same concentrations of A. actinomycetemcomitans serotype c or E. coli did not result in cell death. At 48 h of incubation at 1 g/ml, the cell death-inducing activity of the extract from B. forsythus was almost three times as high as that of A. actinomycetemcomitans serotype a or A. actinomycetemcomitans serotype b, suggesting that B. forsythus had the highest activity among the three strains that showed apoptotic activity (Fig. 2B) .
Apoptotic cell death of normal PWBC with culture supernatants of B. forsythus. In order to examine the actual role of this cell lytic activity against the host defense mechanisms, normal PWBC were also used as target cells. The extent of the cell death of lymphocytes gated from PWBC was evaluated by using flow cytometry. As shown in Fig. 3 , the total populations of PI ϩ ⌬⌿ low , PI Ϫ ⌬⌿ low , and PI ϩ ⌬⌿ high cells among lymphocytes treated with 500 and 1,000 l of culture supernatants were approximately two and eight times as high as that of the control, respectively. The results suggested that both bacterial extract and culture supernatants of B. forsythus had the ability to induce apoptotic cell death in normal lymphocytes in addition to leukemic cells.
Ultrastructural cell surface changes in HL-60 cells treated with bacterial extracts. Mechanisms of cell death were further studied by analyzing ultrastructural changes of cell surface by the use of SEM. Morphological changes characteristic of apoptosis, such as apoptotic bodies, membrane blebbing, and overall shrinkage, were observed in cells treated with extracts from B. forsythus and A. actinomycetemcomitans serotype b, as observed in adriamycin-treated cells (Fig. 4D, F, Interestingly, large-pore-forming activity on the cell surface without the typical membrane blebbing was found with A. actinomycetemcomitans serotype a extract, while A. actinomycetemcomitans serotype b extract induced small pores with the typical blebbing on the cell membrane ( Fig. 4E and F) .
The overall extent of destruction of the cells was strongest with the extract from B. forsythus, followed by those from A. actinomycetemcomitans serotype a and A. actinomycetemcomitans serotype b. No significant ultrastructural change was observed when cells were treated with extracts from A. actinomycetemcomitans serotype c and E. coli or PBS. (Fig. 4G, C , and A, respectively). These results may suggest that B. forsythus, A. actinomycetemcomitans serotype a and A. actinomycetemcomitans serotype b induced different effects in HL-60 cells. Differences in the intracellular staining patterns obtained with Annexin-V and PI were also revealed by fluorescence microscopy, which was consistent with the results of flow cytometry and SEM (data not shown).
DNA fragmentation and caspase-3 activation. One hallmark of apoptotic cells is nuclear DNA fragmentation induced by specific endonucleases. Fragmented cellular DNA enriched by the Hirt extraction method (7) was subjected to agarose gel electrophoresis. Chromosomal DNAs were isolated and analyzed by agarose gel electrophoresis. As shown in Fig. 5 , nucleosomal DNA ladders, characteristic of apoptotic cells, were observed in HL-60 cells treated with extracts of B. forsythus, A. actinomycetemcomitans serotype a, and A. actinomycetemcomitans serotype b but not in those treated with A. actinomycetemcomitans serotype c.
In addition to DNA fragmentation, caspase-3 is generally activated upon execution of apoptosis. Procaspase-3 (32 kDa) disappeared from HL-60 cells treated with the extracts from B. forsythus, A. actinomycetemcomitans serotype a, and A. actinomycetemcomitans serotype b but not from those treated with extract from A. actinomycetemcomitans serotype c, suggesting that caspase-3 was activated during apoptotic cell death induced by extracts from these bacteria (Fig. 6) .
These results confirmed biochemically that the sonic extracts of B. forsythus, A. actinomycetemcomitans serotype a, and A. actinomycetemcomitans serotype b induced apoptotic cell death in HL-60 cells, while that of A. actinomycetemcomitans serotype c did not.
Apoptosis-inducing factors are heat-labile proteins. To study the nature of cell death-inducing factors, bacterial extracts were pretreated with heat or trypsin and then incubated in the presence of HL-60 cells. Heating of extracts at 60°C for 1 h or treatment with 0.1% trypsin at 37°C for 30 min diminished most of the death-inducing activities (data not shown), suggesting that these apoptotic cell death-inducing factors of B. forsythus, A. actinomycetemcomitans serotype a, and A. actinomycetemcomitans serotype b were most likely to be heatlabile factors composed of proteins.
DISCUSSION
In the present study, we demonstrated that periodontopathic bacteria, B. forsythus and two different-serotype strains of A. actinomycetemcomitans, produce factors composed of protein which induce cell death. This cell death is due to apoptosis, since each of the bacterial extracts induced (i) DNA ladder formation and caspase-3 activation and (ii) loss of both mitochondrial membrane potential and membrane integrity. Further, SEM analysis also indicated that cell death is induced by apoptosis, as cells treated with bacterial extracts showed shrinkage, which is one of the typical feature of apoptosis, but not by swelling. Among the three bacteria, B. forsythus extract, unlike the A. actinomycetemcomitans serotype a and A. actinomycetemcomitans serotype b strains, displayed the most severe membrane ruffling, extensive shrinkage, and cell membrane blebbing. In addition, the A. actinomycetemcomitans serotype a strain induced large pores on the cytoplasmic membrane but the A. actinomycetemcomitans serotype b strain induced small pores. Taken together, the cell death-inducing factors of these three bacteria could represent different apoptotic effects on leukemic cells.
Several kinds of apoptosis-inducing bacterial factors, such as hemolysin, leukotoxin, Shiga toxins, and verotoxins, etc., have been described (1, 9, 11, 16, 25) . As for serotype b of A. actinomycetemcomitans, three cytotoxic factors, leukotoxin (12) , cytolethal distending toxin (CDT) (20) , and a toxin which induces both cell cycle arrest and apoptosis (17) , have been reported. It has been reported by Korostoff et al. that leukotoxin induced apoptosis in HL-60 cells, which was consistent with the present results of SEM analyses (12) . Sugai et al. reported that the mean size of CDT-treated HeLa cells became 10-to 18-fold larger than that of control cells (22) ; however, we observed shrinkage rather than expansion, suggesting that the present factor of the A. actinomycetemcomitans serotype b strain is different from CDT. Furthermore, it has been reported that both cell cycle arrest and apoptosis were induced by partially purified A. actinomycetemcomitans serotype b toxin in mouse hybridoma cell line HS-72 cells (17) . It is likely that A. actinomycetemcomitans serotype b produces several types of toxins which induce different cytotoxic effects against mammalian cells; the relationship between these fac- In contrast to the A. actinomycetemcomitans serotype b strain, cell death-inducing activity of B. forsythus or A. actinomycetemcomitans serotype a extract against leukemic cells has not been reported. Treatment with the extract from the A. actinomycetemcomitans serotype a strain induced pore formation on the cell membrane, nucleosomal DNA ladder formation, and caspase-3 activation. Many gram-negative bacteria have been reported to synthesize cytolytic toxins with similar activities (14) . It may be assumed that killing through the formation of a stable pore on the target cell membrane results mostly in cell death with the characteristics of necrosis. However, recent evidence has indicated that other pore-forming toxins are able to induce morphologic and biochemical alterations that are consistent with apoptosis in susceptible target cells (10, 12, 21) .
B. forsythus has recently been recognized as one of the agents associated with periodontitis (5, 6) in which we found apoptosis-inducing activity. During the course of infection, B. forsythus could invade periodontal tissue in combination with P. gingivalis (23) and might be attacked by PWBC of the host. In fact, we found the cell toxic activity in B. forsythus culture supernatant, as well as bacterial extract. One of the possible functions of this activity is the elimination of host immune or preimmune cells through the induction of cell death, which facilitates bacterial colonization of the oral cavity, especially in the subgingival area. Whether this activity is responsible for the initiation and progression of periodontitis has yet to be clarified biochemically and biologically. Since a single strain of standard B. forsythus was used in this study, multiple strains, including clinically isolated strains, should be analyzed to elucidate the pathogenesis of this bacterium.
